The accumulation of phytic acid during development of lily (Lilium longiflorum Thunb.) pollen and its degradation during germination have been studied. A substantial amount of phytic acid accumulates in lily pollen by 5 days before anthesis, and little change occurs during subsequent maturation. Mature lily pollen contains 7 to 8 micrograms phytic acid per milligram pollen. Considerable degradation of phytic acid occurs by 15 minutes of incubation in glucose culture medium, and very little is left by 3 hours. No partially phosphorylated myo-inositol accumulates during germination. The breakdown of phytic acid proceeds at a constant rate during this time period. The rate is calculated to be 0.037 microgram phytic acid/milligram pollen/minute. Two phytases are detected in germinated lily pollen extract using high performance liquid chromatography with an anion exchange column (diethylaminoethyl-5PW). The results suggest that one of the phytases is already present in mature ungerminated lily pollen and the other one is newly synthesized during germination from a long-lived, pre-existing mRNA.
Phytic acid, myo-inositol 1,2,3,4,5,6 hexakisphosphate, is of widespread occurrence in seeds (5) . It appears to function as a storage form of phosphorus in seeds (4, 5) , typically accounting for from 50 to 80% ofthe mature seed's total phosphorus. Phytic acid has also been reported in roots and tubers (24) , and in organic soils (2) . Recently, phytic acid has been identified in pollen of many plant species (16) . Significant quantities (0.05-2.1 % of dry weight) of phytic acid were observed in pollen from plants with style lengths greater than 5 mm, while little or no phytic acid was found in pollen from composites and grasses with very short styles. Helsper et al. ( 14) reported that the myoinositol moiety released during phytic acid degradation in germinating petunia pollen is utilized for synthesis of phosphatidyl inositol and pectic polysaccharide, both of which are needed in large amounts for pollen tube assembly as pollen tube elongation gets under way. Therefore, the degradation of phytic acid during pollen germination is important because it not only supplies Pi but also replenishes the pool of myo-inositol. The rate of phytic acid mobilization in germinating petunia pollen was also reported to be controlled by incompatibility (17) .
Phytic acid metabolism in seeds has been studied extensively (6); however, literature about phytic acid metabolism in pollen is very limited. The only information available so far is from petunia pollen (14, 17, 18) . Because ofits importance as a reserve material, we studied the accumulation of phytic acid during development of lily pollen, and its degradation during germination and tube growth. The information is needed for understanding why prematurely harvested lily pollen is unable to germinate (20) . We also isolated and studied the enzyme, phytase, which is responsible for phytic acid degradation in vivo.
MATERIALS AND METHODS Total P and Phytic Acid Determination in Developing and Germinating Lily Pollen. Easter lilies (Lilium longiflorum Thunb. cv Ace) were grown in the greenhouse. Pollen at various developmental stages was removed from anthers (20) , dried for 24 h at room temperature, and then stored in the -80°C freezer before use. Mature pollen was germinated in a 0.29 M glucose culture medium (8) for various times and was harvested by filtering through nylon cloth (20-40,um) . A modification of the methods of Early and Deturk (10) and Deboland et al. (7) was used for the routine determination of phytic acid. Pollen samples (40-60 mg) were placed in 50 ml polypropylene centrifuge tubes to which 15 ml of 0.4 M HCI in 0.7 M Na2SO4 was added. Magnetic stirring bars were placed in the tubes, and samples were stirred for 18 to 24 h at room temperature. Following centrifugation (10,OOOgat 0°C for 15 min), 10 ml ofeach extract was transferred to a 30-ml Corex centrifuge tube, diluted with 10 ml of glass distilled H20, treated with 5 ml of 15 (3, 4) . The level of phytic acid in pollen samples was calculated based on a P:phytic acid molar ratio of 6: 1.
For total P determination, pollen samples (10-20 mg) were placed in 30-ml Corex centrifuge tubes, digested on a hot plate with 1 ml concentrated H2SO4 and H202 as needed to give complete digestion, and diluted to 8 ml with glass distilled H20. P in the digests was determined colorimetrically (3, 4) .
Ion-Exchange Chromatography. (Table I) . Phytic acid P accounted for 21 to 30% of total P.
Mature lily pollen contained 8.14 ± 0.74 ,ug phytic acid per mg pollen (mean ± SD, n = 4) according to the iron precipitation procedure described under the "Materials and Methods" section. Considerable degradation of phytic acid already occurred in the first 15 min of incubation in the glucose culture medium, and only a trace was left by 31/3 h (Fig. 1) . The breakdown of phytic acid proceeded at an approximately constant rate during this period (0-3Y/3 h), and a linear regression gave a good fit to the data with a calculated rate of 0.037 Mg phytic acid/mg pollen. min (Fig. 1) . Total P stayed constant as expected. Total P and phytic acid were determined in the culture medium from which the germinated pollen had been removed by filtration, and the filtrate contained no detectable phosphorus.
Anion exchange chromatography ofa 1.2% HCl pollen extract (mature ungerminated) with a linear ammonium formate gradient yielded only one major peak containing phosphate (Fig.  2) , and it corresponded to authentic phytic acid. This peak contained the equivalent of 8.65 Mg phytic acid per mg pollen, ml fractions were collected. Above, the column was loaded with 10 ml of extract equivalent to 13.34 mg ungerminated lily pollen; below, the column was loaded with I mmol Pi and 0.77 gmol phytic acid. in good agreement with the results of the iron precipitation procedure. The anion-exchange chromatography used here is able to separate all of the partially phosphorylated myo-inositols from phytic acid except for myo-inositol pentakisphosphate.
Experiments were conducted to determine whether any partially phosphorylated myo-inositol was present in germinated lily pollen. Anion-exchange chromatography with a linear HCI gradient, which is able to resolve myo-inositol pentakisphosphate and phytic acid, revealed that no partially phosphorylated myoinositol accumulated during the first 15 min of incubation. Both extracts of 15 and 90 min germinated pollen contained major phosphate peaks which corresponded to authentic phytic acid (Fig. 3) . Based on total P recovered in the phytic acid peak, the 15 min pollen sample was calculated to contain 6.93 ug phytic acid per mg pollen which was comparable with the results of the iron precipitation procedure (6.75 ,ug phytic acid/mg pollen).
Similarly, good agreement ofthe two methods was obtained with the 90 min sample.
The protein synthesis inhibitor cycloheximide (100 ,g/ml) and the RNA synthesis inhibitor cordycepin (150 ,ug/ml) were added to pollen culture medium separately to see if either of them had an inhibitory effect on phytic acid mobilization. Cordycepin had no effect on phytic acid degradation during germination (Fig. 4 Anion-exchange chromatography on AG l-X8 ofacid extracts of germinated pollen samples and phosphorus standards. Samples were eluted with a linear gradient of HCI (0-1.0 N), and 5 ml fractions were collected. Above, the column was loaded with 10 ml of extract from pollen germinated for 90 min. The extract was equivalent to 160 mg pollen. Middle, the column was loaded with 10 ml extract from pollen germinated for 15 min. The extract was equivalent to 26.67 mg pollen.
Bottom, the column was loaded with I mmol myo-inositol 2-phosphate, 1 mmol Pi, and 500 gg each of phytic acid and myo-inositol pentakisphosphate. medium (Fig. 5) . Phytic acid degradation proceeded at a normal rate for the first 60 min, but further degradation was suppressed by cycloheximide (Fig. 5) . Pollen It has been reported that there may be two different phytases present in lily pollen (9) . One of them (pH 5.0 phytase) is preexisting in mature ungerminated pollen and has a pH optimum at pH 5.0. The other one (pH 6.5 phytase) is newly synthesized during lily pollen germination and has highest activity against phytate at pH 6.5. We therefore analyzed phytase activity in enzyme extracts from pollen germinated for various times on an HPLC with a DEAE-5PW column using a Trisacetate gradient (0.02-0.9 M, pH 7.5) to study the appearance of pH 6.5 phytase during germination. Results are presented in Figure 6 and Table II . The results clearly showed that only a single peak of phytase activity (the pH 5.0 phytase) was present in ungerminated lily pollen (Fig. 6, top) . The elution profiles revealed that a second phytase (the pH 6.5 phytase) had appeared by 30 min of incubation (Fig. 6, middle) . A noticeable rise in activity of pH 6.5 phytase was observed after 60 min of germination (Fig. 6, bottom) , and the activity ofthis phytase increased as germination proceeded (Table II) . After 5 h of germination, considerable phytase activities were still present in lily pollen and the pH 6.5 phytase remained predominant.
Phytase activity was dramatically repressed by cycloheximide (100 ,g/ml) (Table III) , while cordycepin (150 ,g/ml) had no effect (Fig. 7) , in agreement with the effects on phytic acid degradation observed earlier. Residual pH 5.0 phytase activity (2.44 and 3.55 versus 10.31 and 14.61 nmol Pi released/mg pollen -h) was still present in the pollen germinated 60 and 180 min in the presence of cycloheximide; a little pH 6.5 phytase activity (0.5 and 1.14 versus 10.17 and 28.12 nmol Pi released/ mg pollen.h) was also detected in both cases. The results of DEAE chromatography also indicated that pollen germinated 90 min in the presence o-f 100 Mg/ml cycloheximide contained the pH 5.0 phytase only (Fig. 7) . The appearance of pH 6.5 phytase was inhibited by cycloheximide. However, both phytases were present in 90 min germinated pollen with 150 Mg/ml of cordycepin (Fig. 7) . In the presence of cordycepin, phytase activities were comparable to control values.
Pi is the degradation product of phytic acid. Preliminary studies had shown that 25 mM KH2PO4 was not harmful to lily pollen tube growth (data not shown). The present work revealed Fracton no.
FIG. 6. DEAE chromatography of ungerminated pollen and pollen germinated in glucose medium for 0, 30, and 60 min. Phytase activity at pH 5.0 and 6.5 were determined for each fraction according to the procedures described under "Materials and Methods." that 25 mM KH2PO4 had no effect on phytase activity (Table  IV) . Furthermore, the degradation ofphytic acid was significantly stimulated by 25 mM KH2PO4 during the 2 h germination period (Table IV) .
DISCUSSION
The present investigation shows that a substantial amount of phytic acid has accumulated in lily pollen by 5 d before anthesis, and little change occurs during subsequent stages of maturation. This pattern is different from that of petunia pollen in which the highest phytic acid level is reached just before anthesis ( 14) .
There is no lag between phytic acid degradation and the onset of lily pollen germination, and the presence of considerable phytase activity in the mature ungerminated lily pollen could account for this observation (9) . The phytase activity (10 nmol Pi released/mg pollen-h) at optimal phytic acid concentration (9) obtained from ungerminated lily pollen is not very different from the observed in vivo rate of phytic acid degradation (0.037 ,ug/mg pollen-h or 16 .82 nmol Pi released/mg pollen h). The discrepancy may be due to the presence of inhibitory materials in the crude extract, because (NH4)2SO4 fractionation gave a 67% increase in activity compared to the crude (data not shown). However, enough phytase activity (16.2 nmol Pi released/mg pollen -h) appears in crude extracts of pollen germinated for 1 .5h (9) to account for the observed rate of phytic acid breakdown, and activity further increases to 29.2 nmol Pi released/mg pollen * h after 3 h of germination. The increased phytase activity is probably due to the formation of new enzyme molecules translated from a long-lived, preexisting mRNA, since its appearance is prevented by cycloheximide but not by cordycepin. Similar results were also reported in petunia pollen (18) . It has long been known from studies with inhibitors ofRNA and protein synthesis that the ungerminated pollen grain at anthesis contains stored stable mRNA (22) . The poly(A)+ RNA from ungerminated Tradescantia pollen has been extracted, translated in a cell free system, and shown to code for similar proteins as are synthesized during pollen germination (12) . It seems likely then that the pH 6.5 phytase is among these newly synthesized enzymes.
Two phytases are identified in germinated lily pollen (9) . They differ in optimal pH. The low pH phytase (pH 5.0 phytase) is present in mature ungerminated pollen, but the pH 6.5 phytase appears to be newly synthesized during germination. The results of DEAE anion exchange chromatography show that the low pH phytase remains relatively constant during germination, while the activity of the pH 6.5 phytase increases markedly. After 5 h of germination, considerable phytase activity is still noticeable even though there is no phytic acid left. A similar phenomenon is observed in Phaseolus vulgaris L. (21, 26) , and pea seeds (13) . It is not understood how the phytase activity is regulated during germination. Perhaps these results are due to a slow turnover rate ofthe enzyme, or possibly phytase has other as yet unknown functions. Unlike lily pollen, two phytases are already present in mature ungerminated petunia pollen (1) . The existence of two phytases has also been noted in lettuce seed (23) , cotton (1 1),
._ q P . t and wheat bran (19) .
The results of the cycloheximide experiment suggest that the low pH phytase of lily pollen may be effective on phytic acid degradation only during early germination, and pH 6.5 phytase is the enzyme required for the further breakdown of phytic acid. Furthermore, the apparent higher substrate affinity of the pH 6.5 phytase (9) is consistent with its acting later in germination when the phytic acid is low.
Ten mm Pi completely represses the low pH phytase activity in vitro, but does not have an effect on the pH 6.5 phytase (data not shown). However, a high concentration of Pi (25 mM) in the culture medium exerts no effects on either pollen tube growth or appearance of the pH 6.5 phytase in germinating lily pollen, and degradation of phytic acid is accelerated by the added Pi. Sensitivity of the low pH phytase to Pi may reduce the in vivo effectiveness of this enzyme if Pi accumulates during germination. In that case, the pH 6.5 phytase would become increasingly important as germination proceeds. Or the failure of Pi to have any effect on the in vivo breakdown may be due to exclusion of this ion from the site of breakdown. Different results were reported for petunia pollen (18) where phytic acid degradation as well as tube growth are significantly inhibited by 3 and 10 mM KH2PO4, respectively. The in vitro phytase activity of petunia is also dramatically reduced by Pi, but the in vivo effect may not be direct since growth is also inhibited. The inhibitory effect of Pi on phytase isolated from bean seeds, mung beans, and wheat bran was also reported (6) .
Mature lily pollen has single-membrane organelles with darkly stained contents (25) . Their contents as well as the organelles themselves disappeared during germination, indicating a mobilization of reserve materials. These organelles might be protein bodies that contain phytic acid but evidence supporting this notion is still lacking. Further research on the localization and metabolism of phytic acid in pollen is necessary to gain insights into the regulation of phytic acid degradation during germination.
